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Abstract—High-resolutionultrasonography(HRUS)haspotentialitiesindifferentialdiagnosisbetweenmalignant
and benign thyroid lesions, but interpretative pitfalls remain and accuracy is still poor. We developed an image
processing technique for characterizing the intra-nodular vascularization of thyroid lesions. Twenty nodules (10
malignant) were analyzed by three-dimensional (3-D) contrast-enhanced ultrasound imaging. The 3-D volumes
were preprocessed and skeletonized. Seven vascular parameters were computed on the skeletons: number of
vascular trees (NT); vascular density (VD); number of branching nodes (or branching points) (NB); mean vessel
radius (MR); 2-D (DM) and 3-D (SOAM) tortuosity; and inﬂection count metric (ICM). Results showed that the
malignant nodules had higher values of NT (83.1 vs. 18.1), VD (00.4 vs. 0.01), NB (1453 vs. 552), DM (51 vs. 18),
ICM (19.9 vs. 8.7) and SOAM (26 vs. 11). Quantiﬁcation of nodular vascularization based on 3-D contrast-
enhanced ultrasound and skeletonization could help differential diagnosis of thyroid lesions. (E-mail: ﬁlippo.
molinari@polito.it)  2010 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION
Thyroid nodules are common ﬁndings in clinical practice
andoccurinmorethan50%ofadultpopulation;neverthe-
less, only 7% of thyroid nodules are malignant (Hoang
et al. 2007). High-resolution ultrasonography (HRUS) is
the most frequently used tool for identiﬁcation, assess-
ment and follow-up of thyroid lesions (Fig. 1a). This is
because it can reveal formations as small as 1 mm, is
noninvasive and is not expensive (Polyzos et al. 2007).
Even though it has been demonstrated that malignancy
is related to common features in HRUS B-Mode images
(i.e., microcalciﬁcations, marked hypoechogenicity,
irregular margins and the absence of a hypoechoic halo
around the nodule [Bastin et al. 2009]), interpretative
pitfalls remains. Recently, D’Souza et al. measured the
HRUS sensitivity and speciﬁcity in 80.8% and 81.6%,
respectively (D’Souza et al. 2010), thus, demonstrating
limited performance in detecting malignancy.
Color Doppler ultrasound imaging (Fig. 1b) has
been used to differentiate thyroid nodules. Results
showed that benign nodules tend to have no or minimal
internal ﬂow with presence or absence of a peripheral
ring, whereasmalignant nodules tend tohavea peripheral
ring with an extensive internal ﬂow (Ivanac et al. 2007).
These studies evidenced the need for a quantitative eval-
uation of the internal nodule ﬂow, to avoid subjective
interpretations and partial visions.
Contrast-enhanced ultrasound imaging (CEUS) has
been introduced to improve the differential diagnosis of
thyroid nodules. The contrast agent enhances the paren-
chyma representation, given the abundant vasculature
of the thyroid gland. Therefore, by using CEUS, it is
possible to gain a better representation of the thyroid
vascular pattern, overcoming the limitations given by
the low spatial resolution of color Doppler imaging
(Fig.1c).CEUSstudiesofthethyroidnodules,conducted
by analyzing the increase in the echogenicity of the
nodule due to perfusion, did not prove more performing
than traditional HRUS (Bartolotta et al. 2006). On the
contrary, CEUS perfusion analysis of neoplastic nodules
proved effective in differentiating benign from malignant
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lesions, even if performances were poor compared with
ﬁne needle aspiration examinations (Appetecchia et al.
2006). CEUS enhancement patterns were found different
in benign and malignant lesions, and ring enhancement
was indicative of benign lesions, whereas heterogeneous
enhancement was indicative of malignancy (Zhang et al.
2010).
The purpose of our study was to develop a method-
ology for the 3-D analysis of thyroid nodules and for an
objective representation and numerical characterization
of the 3-D nodular vascularization. Earlier studies we
conducted (Carraro et al. 2008; Molinari et al. 2008)
showed that color and power Doppler imaging were not
suitable for 3-D micro-vessel detection, due to poor
spatial resolution and to color blooming that may occur
in highly perfused nodules (blooming can be seen in
Fig. 1b). We used CEUS and developed a processing
technique to represent the 3-D internal ﬂow that we
used to characterize 20 solitary thyroid nodules. This
methodology represents a step forward with respect to
an earlier study we started in 2008 (Carraro et al.
2008). In our former procedure, the characteristics of
the 3-D CEUS images were qualitatively scored by an
expert sonographer whereas in this study, we will show
our numerical approach to describe the internal nodular
vasculature.
MATERIALS AND METHODS
Image acquisition and patients
We enrolled in this study 30 patients with a previous
diagnosis of thyroid nodule. We excluded patients having
multi-nodule goiter. We preselected subjects showing
HRUS features of malignancy: intra-nodular micro-
calciﬁcations, hypoechoic appearance and irregular
margins (Bastin et al. 2009). Patients were thus noncon-
secutive. All the patients signed an informed consent
priorofparticipatingintheexperiment.Theexperimental
protocol was approved by the ethical committee of the
Endocrinology Section of the ‘‘Umberto I’’’ Hospital of
Torino (Italy).
All the subjects underwent a clinical examination,
hormonal proﬁle and ultrasound (HRUS and color
Doppler) examination of the lesion. Then, a bolus of
2.5 mL of ultrasound contrast agent (Sonovue; Bracco
Imaging, Milano, Italy) was administered intravenously
and a gray-scale 3-D volume containing the lesion was
acquired. Due to bulkiness and weight of external
mechanical scanning systems and the variability associ-
ated with the nodules dimension and its position, we
preferred to perform freehand scanning. A trained oper-
ator with more than 30 years of experience in neck ultra-
sonography (R.G.) performed all the scans 50 s after the
injection of the contrast agent bolus. The freehand scan-
ning was performed by sliding the probe along the
patient’s neck to cover the nodule extension. The high
frame rate of the device compared with the slow move-
ment of the probe ensured that there was no gap between
adjacent frames. The average frame rate of the device
during acquisitions was 16 frames/s.
Images were acquired by a MyLab70 ultrasound
scanner (Biosound-Esaote, Genova, Italy) equipped by
a LA-522 linear probe working in the range 4–10 MHz.
All the images were acquired at 5 MHz. We calibrated
gain by acquiring an empty volume (probe in air) and
set the background average intensity to be less than 5 in
a linear scale 0–255. Gain was constant for all patients.
The TGC curve was set to ﬂat in the middle of the scale
and kept constant. The volumes were transferred in
DICOM format to an external workstation Apple
Fig. 1. (a) High-resolution ultrasonography (HRUS) image of a papillary carcinoma. The white arrow indicates the
nodule; the red arrow indicates the healthy thyroid parenchyma. (b) Color Doppler image of the papillary carcinoma
showing marked vascularization of the lesion (white arrows) compared with healthy parenchyma (red arrow). (c)
Contrast-enhanced ultrasound imaging (CEUS) image of the papillary carcinoma showing marked enhancement of the
lesion (white arrows) compared with healthy parenchyma (red arrow). All three images are same projection and slice.
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PowerPc (Apple, Cupertino, CA, USA), dual 2.5 GHz, 8
GB of RAM and equipped with processing and recon-
struction software.
All the subjects underwent ultrasound-guided ﬁne
needle aspiration biopsy (FNAB) of the thyroid lesion.
Five nodules were benign (goiter nodules) and classiﬁed
as THY2 according to cytologic criteria (Mihai et al.
2009). In 25 nodules, cytology suggested a follicular
neoplasm (THY3). These patients underwent thyroidec-
tomy. We eliminated from the study ﬁve patients who
had a nodule of diameter greater than 6 cm, which was
twice the average size of the other nodules and, which
caused problems in manual scanning. Three patients
were eliminated due to motion artifacts during the
CEUS examination (swallowing and cough). Two
patients were eliminated since FNAB demonstrated
a concomitant thyroiditis. Of the 15 THY3 patients, ﬁve
had benign (follicular neoplasm) and ten malignant
(sevenpapillary, one follicular and two Hurtle cells carci-
noma) results. Overall, we had ten benign and ten malig-
nant lesions.
The results of the FNAB (or of the histopathologic
analysis for surgically removed tumors) were kept
blinded to the researchers until the image acquisitions
and processing were completed.
Ten subjects were males (age: 53.5 6 13.3 years;
range: 22–71 years) and 10 females (age: 50.1 6 10.8
years; range: 25–68 years). The average size of the
nodules was 31.7 6 17.9 mm, range: 10–52 mm (malig-
nant: 34.4 6 18.8 mm; benign: 29.3 6 17.3 mm).
CEUS image processing strategy
Theimageprocessingsystem(ThyScreenCEUS)we
developed was structured in three main steps: (1) image
preprocessing; (2) morphologic aperture for contrast
agent bubbles detection; and (3) thresholding and 3-D
lesion reconstruction. Figure 2 depicts the steps of the
algorithm on a malignant thyroid nodule (papillary
carcinoma).
Preprocessing
All the images of the 3-D volume were ﬁrst con-
verted into double precision format. When we insonated
a homogeneous phantom with the same probe and the
same settings that were used in the study, we found
a linear dependence of the average gray level from depth
(i.e., from the vertical dimension of the image). A linear
ramp with decreasing intensity from 1 to 0 was applied to
the original image (Fig. 2a) to attenuate the intensity arti-
fact that was present in the distal (i.e., deeper) portion
of the images (the result after intensity correction in
Fig. 2b).
To make the algorithm as independent as possible
on the acquisition scanner/probe and on the optical
integrated density of the image (due to different concen-
trations of the contrast agent in the 3-D slices), each
imagewasnormalized.Non-perfusedzonesweremapped
to black; highly perfused regions were mapped to white.
Thissteprequiredthemanualselectionoftwo333ROIs
on an image of the 3-D volume.
The images were then low-pass ﬁltered by using
a73 7 Gaussian kernel with standard deviation of 0.1
pixels. Finally, speckle noise was attenuated by using
theﬁrstorderlocalstatisticﬁlter,deﬁnedbythefollowing
equation:
Jx;y5I1kx;y
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where, Ix,y is the intensity of the noisy pixel, I is the mean
intensity of a NxM pixel neighborhood and kx,y is a local
statistic measure. The noise-free pixel is indicated by Jx,y.
We followed the proposal by Loizou et al. (Loizou et al.
2005), who deﬁned kx;y5
s2
I
I2s2
I 1s2
n, where s2
I represents the
varianceofthepixelsintheneighborhoodands2
n thevari-
ance of the noise in the cropped image. We found that
a suitable neighborhood size was 7 3 7. The normalized,
ﬁltered and despeckled image is reported in Figure 2c.
Microbubble detection using morphologic aperture
To detect the microbubbles in the acquired volume,
we processed every 2-D slice separately. The images had
an axial resolution of 62.5 mm/pixel and the contrast
agent was constituted by microbubbles of less than
10 mm diameter (Gorce et al. 2000). Hence, we used
a structuring element consisting of a disk with radius
of 5 pixels, which gave maximum sensibility on groups
ofmicrobubbles.Theimageswerethenmorphologically
opened (Fig. 2d).
Threshold process and 3-D reconstruction
Threshold process was used to create a mask for
each volumetric slice. At this stage, we considered the
image histogram composed of two Gaussians, one rela-
tive to the foreground (i.e., the presence of microbubbles)
and the other relative to the background (i.e., the absence
ofmicrobubbles).Thus,thisisatwo-classproblem.Since
a threshold can separate the statistical distribution of the
two classes, Otsu’s method was adopted. The threshold
was made local since it was computed separately for
each frame of the 3-D volume. Figure 2e and Fig. 2f
depict the obtained segmentation mask and the ﬁnal
segmentation, respectively.
The original 3-D volume was then multiplied by the
segmentation masks and was reconstructed to spatially
visualize the distribution of contrast agent in the thyroid
lesion (we used OsiriX software – http://www.
osirix-viewer.com/ by the Osirix Foundation, Gene `ve,
Switzerland).
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Skeletonization strategy
The skeletonization procedure aims at reducing the
amount of information in an image into a simpler image
that still preserve morphology. In other words, the skele-
tonization is a technique for extracting the innermost and
essential information of an image (Ma and Sonka 1996).
We applied skeletonization technique to our images
to reduce the representation of the contrast agent in the
nodule. Speciﬁcally, since the spatial resolution of our
probewasmorethan10timeslowerthanthemicrobubble
diameter, we could only track microbubbles that were
grouped together. Hence, the contrast agent diffusion in
the thyroid was still over-represented and little useful
from a clinical point of view. We adopted a skeletoniza-
tion procedure that ensured an effective reduction of the
vessels appearance while preserving connectivity.
We adopted the skeletonization technique proposed
byMaandSonkain1996(MaandSonka1996).Thisalgo-
rithmwasa3-Dtechniqueforthinningandreconstruction
ofbinaryimagesthatwasappliedtomedicalimages.This
algorithmdeﬁnedfourclasses(calledA,B,CandDinthe
original algorithm) that were used to derive templates.
Each class was translated so that a total number of 38
templates could be derived (6 templates from class A,
12 from B, 8 from C and 12 from D). A template was
a cube of 3 3 3 3 3 pixels. In each voxel of the template,
there was a coded number that speciﬁed the presence of
the background (mapped by the 0), of the foreground
(mapped by 1), or a ‘‘don’t care’’ voxel (mapped by -1).
Therefore, the 38 templates test each point of the image
(or volume) and the point was deleted if it matched one
ofthetemplates.FulldetailsabouttheMaandSonkaalgo-
rithm (Maand Sonka1996)canalsobe foundinthe study
by Pala `gyi et al. (Pala `gyi and Kuba 1998).
Previous studies showed that this skeleton technique
does not preserve connectivity (Wang and Basu 2007). In
our study, however, connectivity was the key to correctly
reconstruct the vascularization of a lesion. Therefore, we
modiﬁedtheMaandSonkaalgorithmbyinsertingaprelim-
inary skeletonization based on distance transform (DT).
The DT of a point belonging to an object is deﬁned
as its lower distance from the borders of the object.
Therefore, points located in the middle of a vessel have
high values of DT, whereas points located near the vessel
borders have low DT values. Let DTI be an image con-
taining the DT of each point. A point is assigned to the
skeleton if its distance from the borders differs from the
average distance of its neighborhood less than a prede-
ﬁned threshold Tp. We can express the deﬁnition of
such skeleton by using the following formula:
DSk5DTIF,
 
DTI2Tp
 
(1)
where DSk is the skeleton image and DTIF is the DTI
image after a low-pass ﬁltering with a 3-D 10 3 10 3
10 Gaussian kernel (with sigma value equal to 1).
Fig. 2. Processing ofasingle frame ofthe 3-D volumeofa thyroidnodule. (a)Rawimage. (b) Image after theapplication
of a linear ramp to compensate the depth artifact. (c) Intensity normalized image. (d) Morphologic opening with a disk-
shaped structuring element of 5 pixelradius. (e) Segmentation mask obtained by thresholding. (f) Contour of the segmen-
tation overlapped to the original image.
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To select the optimal value of Tp, we randomly
selected four nodules (two carcinomas and two goiter
nodules) from the image database. The images were skel-
etonized using Tp values equal to 0.40, 0.45, 0.50, 0.55,
0.60, 0.65 and 0.70. After having obtained the skeleton,
we counted the total numberof white points (i.e., the total
number of pixels constituting the skeleton). We averaged
the computed number of white points on the four nodules
(Fig. 3a). The curve showed an inﬂection for middle
valuesofTp.Wealsocomputedtheﬁfthorderpolynomial
curve ﬁtting the white points Tp curve (Fig. 3b). The
gradient showed a marked increase for a Tp value of
0.55. Therefore, we selected 0.55 as optimal value for
our skeletonization procedure.
Qualitative results repeated on all the remaining
images conﬁrmed that skeletons with higher Tp values
were poor of information (i.e. very thinned) and compu-
tationally heavy. Conversely, skeletons obtained with
lower Tp values resulted in too noisy representations,
even if computation time was reduced.
The summary of skeletonization procedure con-
sisted of the following steps:
(1) DT was applied to the 3-D CEUS image. This step
roughly removed the smallest objects and cleaned
the points located far from the middle of the vessels.
(2) Application of the Ma and Sonka (Ma and Sonka
1996) skeleton. This technique considered ﬁve
consecutive frames to preserve connectedness (i.e.,
foreachframe,thetwoprecedingandthetwosucces-
sive frame, thus, a total of ﬁve). The points that
matched one or more of the 38 templates were
removed and the skeletonized frame was saved.
(3) The step 2 was repeated for each frame until there
were no more points to remove.
The DT thinning procedure, which is faster even if
less accurate, allowed for a quick removal of small
objects and points far from the vessel centerline, whereas
the Ma and Sonka skeleton enabled an accurate reduction
of the points. The use of DT prior to the application of the
Ma and Sonka skeleton also reduced the computational
cost of the algorithm. Figure 4 reports a sample result
of the skeleton technique, showing a nodular vasculariza-
tion greater than that of normal tissue.
Skeleton characteristics
The skeleton characteristics were analyzed and
computedtoprovideaquantitativemeasureofthethyroid
vascularization. In fact, considering the skeleton as the
minimal representation of the thyroid lesion vasculariza-
tion, we depicted that the skeleton characteristics
modeled the lesion morphology.
The skeleton is a binary 3-D image containing ‘‘1’’
in correspondence of the contrast agent (i.e., therefore
of a vessel) and ‘‘0’’ otherwise. Hence, the skeleton can
be thought of as a set of paths, some of which are con-
nected. Many techniques were proposed to analyze the
skeleton characteristics (Chen and Molloi 2002; Huang
2008). We used the breadth ﬁrst search (BFS) technique.
The BFS technique consists in searching all the skeleton
nodes starting from a given node. The procedure iterates
on all the nodes and stops when all the nodes have been
visited. The BFS algorithm maps the skeleton as a series
of vascular trees (T):
DSk5fT1;T2;.;TNg (2)
whereNisthenumberofthevasculartrees.Eachvascular
tree Ti can be thought as the sequence of m nodes pj:
Ti5fp1;p2;.;pmg.
Fig. 3. (a) The graph shows the average number of points belonging to the skeleton of four randomly selected nodules
(two malignant and two benign) with respect to the selectivity threshold Tp. The curve shows an inﬂection for middle
values of Tp. (b) The gradient of the image shows a marked increase after 0.55. The Tp values considered as optimal
was chosen equal to 0.55.
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By using the BFS, we computed the following skel-
eton characteristics (Huang et al. 2008):
(1) Number of vascular trees (NT): deﬁned as the
number of trees in which the BFS decomposes the
skeleton image. This parameter is important since
we expecta highernumberofvascular trees inmalig-
nant lesions compared with benign lesions.
(2) Density of the vascular structure (VD): deﬁned as the
number of white points belonging to the skeleton (M)
overthesizeoftheROI.ConsideringaROIofdimen-
sionsh,landw,wecan,thus,deﬁneVR5M=ðh,l,wÞ.
This parameter is expected to be higher in malignant
lesions than in benign.
(3) Number of branching nodes (NB): deﬁned as the
number of branches of the structure. Again, given
the characteristics of the malignant neovasculariza-
tion, we expect that NB is higher for tumors than
for nonmalignant nodules.
(4) Average vessel radius (MR): deﬁned as the average
radiusofthevesselsintheROI.Onceasetofconnected
vessels has been deﬁned, the average vessel radius is
calculated for each vessel by summing the radius
deﬁned at each vessel skeleton point and by dividing
bythenumberofpoints.Thevesselscreatedbyatumor
should have lower MR than normal vessels.
(5) 2-D vascular tortuosity (distance metrics – DM): this
isameasureofthetortuosityofavasculartreeTi.DM
can be deﬁned as the Euclidean distance between the
ﬁrst and the last point of a tree divided by its real
length. Let us consider a tree consisting of m nodes:
Ti5fp1;p2;.;pmg.T h eDM can be deﬁned as:
DM5
jpm2p1j Pm21
i51 jpi2pi11j
, where j,j denotes the Euclidean
distance measure.
(6) Inﬂectioncountmetric(ICM):deﬁnedasDMdivided
by the number of ﬂexes in the path. This parameter is
an estimate of the average number of times the
vascular tree changes its shape from convex to
concave and vice-versa.
(7) 3-D vascular tortuosity (sum of angles metric –
SOAM): this parameter is used to evaluate the vessel
torsion in 3-D. With reference to Figure 5, consider
a node pk, and the two adjacent nodes pk-1 and
pk11. Let V1 and V2 be the vectors connecting the
three nodes as in Figure 5. The planar angle IPk
between the vectors V1 and V2 can be expressed as
IPk5cos21
  
V1
jV1j
 
,
 
V2
jV2j
  
. The angle deﬁning
the torsion of the curve in a node pk can be expressed
as TPk5cos21
  
V13V2
jV13V2j
 
,
 
V23V3
jV23V3j
  
, where V3 is
thevectorbetweenthe nodes pk11and pk12.Thetotal
angle in a node pk is then deﬁned as
CPk5
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
IP2
k1TP2
k
p
. Hence, the SOAM can be
computed by averaging the total angle on all the no-
des of the path SOAM5
Pm23
k51 CPk Pm21
k51 jpk2pk11j
, where m is the
number of nodes of the considered path.
The skeletonization procedure was applied to the
entire thyroid volume. We manually selected a cubic
Fig. 4. (a) Maximum intensity projection (MIP) of the 3-D skeleton. (b) Contrast-enhanced ultrasound imaging (CEUS)
image of a papillary carcinoma (background) with corresponding skeleton overlaid in red (for a single slice). The white
arrows indicate the nodule position. The lesion shows increased vascularity with respect to healthy thyroid tissue.
Fig. 5. Schematic representation of the SOAM computation.
The vectors V1 and V2 deﬁne the planar angle IPk, relative to
the node pk. By extending such computation to the 3-D geom-
etry and then to all the m nodes of the path, it is possible to
compute the SOAM.
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ROI of 90 3 90 3 20 pixels in size centered on the lesion
and we computed the seven skeleton characteristics only
in the traced ROI. The dimension of the ROI was chosen
by considering the average size of a thyroid lesion, which
resulted in about 150 3 150 pixels and in a number of sli-
cesrangingbetween20and35.OurROIwassmallerthan
the average nodule size, so that it comprised a signiﬁcant
portion of the lesion without incorporating parenchyma
pixels. This ROI size was compatible with all the lesions
in our database.
RESULTS
The average perfusion time-to-peak of the lesions
was 40.8 s 6 12.3 s. The intensity enhancement caused
by the contrast agent was stable for about 20–30 s. The
average scanning time of a 3-D volume was 3.5 s, thus
considerably fast if compared with the duration stability
of the intensity enhancement. This ensured an optimal
representationoftheintra-nodularintensityenhancement.
Figure 6 reports the HRUS (Fig. 6a), color Doppler
(Fig. 6b) and CEUS (Fig. 6c) of a benign nodule (goiter
nodule). Figure 7 reports the 3-D reconstruction of the
skeleton (Fig. 7a) and the overlay of a single slice of the
skeleton on the corresponding CEUS image (Fig. 7b).
The benign lesion shows an enhancement lower than the
surrounding healthy tissue. The skeleton of the malignant
nodule (Fig. 8a and b) is clearly richer than that of the
benign (Fig. 8c and d). The malignant lesion has a greater
NT value (83.1 against 18.1 of the benign), a more dense
vascular structure (VD for the tumor is equal to 0.04
against 0.01 of the benign lesion), a higher NB (1453
against 552) and increased values of DM (51 against
18), ICM (19.9 against 8.7) and SOAM (26 against 11).
The average vessel radius MR resulted almost equal (1.8
for both).
Table 1 reports the average skeleton values
measured on the sample population, showing that the
malignant nodules had higher values of NT, VD, NB
and SOAM. The MR, DM and ICM parameters resulted
higherincarcinomasbutnotatasigniﬁcantlevel.Weper-
formed anoutlierremovalprocedure (basedon theMaha-
lanobis distance and the T
2 Hotelling test) and we found
no outliers in the malignant and one outlier in the benign
group. We removed the outlier and re-ran the Mann-
Whitney U-test. This experiment showed that DM and
ICM parameters became statistically different between
the malignant and benign populations. The new values
of DM and ICM after outlier removal were 17.9 6 10.9
and 8.6 6 6.5, respectively.
The algorithms for preprocessing, skeletonization
and computation of the skeleton characteristics were im-
plemented in MATLAB environment (TheMathWorks,
Natick, MA, USA) and required on average 100 6 12
min of processing. We are in a process of porting the
scientiﬁc system toward faster commercial version.
DISCUSSION AND CONCLUSION
We presented a strategy for the processing of 3-D
contrast-enhanced ultrasound images of single thyroid
lesions. Morphologic operations were coupled to a thin-
ning technique to obtain a minimal representation of
thelesionvasculature.Wepreferredtousemanualinstead
of mechanically driven scanning. This is mainly due to:
(1) almost negligible bulkiness and (2) relatively higher
cost of the motor controlled systems and maintenance.
Fromatechnicalpointofview,ourprocedureproved
robustinprocessingthe3-DCEUS imagesandinextract-
ingthecorrespondingskeleton.Weusedacombinationof
distance transform and Ma and Sonka method (Ma and
Sonka 1996) to optimize the thinning algorithm of our
volumes. We also optimized the threshold parameter Tp
to ensure the optimal representation of the nodule inner
vasculature without allowing disconnected patterns. The
value of Tp was critical. If the Tp value was low, a point
Fig. 6. (a) High-resolution ultrasonography (HRUS) of a benign lesion (goiter nodule). The white arrows indicate the
position of the lesion; the red arrow indicates healthy thyroid parenchyma. (b) Color Doppler image of the goiter nodule
showing a weak vascularization (white arrows) compared with healthy tissue (red arrow). (c) Contrast-enhanced ultra-
sound imaging (CEUS) image of the goiter nodule. The lesion shows a low enhancement (white arrows) if compared
with healthy parenchyma (red arrow).
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was assigned to the skeleton if its DT value is slightly
higher than that of its neighborhood. Conversely, if the
value of Tp was high, a point is assigned to the skeleton
if and only if the DT value is substantially higher than
that ofitsneighborhood. Hence, higher Tpvalues produce
a very selective skeleton, resulting in a strong thinning of
the image. The probability of obtaining disconnected
points increases when the Tp value increases. We kept Tp
value same for all the subjects.
Thisprocedurewas semiautomatic.Twopointswere
manually selected: darkest and brightest spots in the
image, representing the presence (perfused zone) and
Fig. 7. (a) Maximum intensity projection of the 3-D skeleton. (b) Contrast-enhanced ultrasound imaging (CEUS) image
of a goiter nodule with corresponding skeleton overlaid in red. The white arrows indicate the nodule position. The lesion
shows lower vascularity than healthy thyroid tissue.
Fig.8. (a)and(b)3-Dskeletonrepresentationofamalignantnodule(papillarycarcinoma).Thewhitearrowindicatesthe
nodule position, whereas the red arrow indicates a portion of healthy thyroid parenchyma of the same lobe. Note that the
nodule has a brighter appearancewith respect to normal tissue, thus indicating increased vascularity. (c) and (d) 3-D skel-
etonofabenignnodule(goiter).Notethatthenodulehasalowerenhancementwithrespecttonormaltissue,thusshowing
a weak vascularization.
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absence (nonperfused zone) of the contrast agent. These
twoextremepointswereusedfornormalizationorscaling
of the intensities in the rectangular ROI manually drawn
bythetrainedoperator(endocrinologistandsonographer-
R.G., with 30 years of experience). A possible bias from
this step could lead into erroneous ROI determination,
which as a result could affect the normalization stage.
An incorrect normalization could, therefore, affect the
region-based segmentation. This rectangular ROI stage
oftheprocedureisstilluser-dependentsincetherelatively
low signal-to-noise ratio of the images posed some difﬁ-
culties in automating this step.
The nodule in the ultrasound image was manually
delineated too. Manual tracing of the boundaries was
made by the same expert sonographer who performed
the acquisitions. In addition, the images of the patients
undergoing thyroidectomy were further evaluated by
surgeons. This was a double check and helped in mini-
mizing the tracing the errors. ROIs were manually traced
too, but it was simple to place them in the middle of the
lesion once the expert had outlined the nodule. The
authors are now working toward the development of
a completely automated processing procedure.
The skeleton parameters measured of the malignant
lesions were clearly different from those of benign ones.
After the outlier rejection removal, the only parameter
that did not prove statistically different was MR (i.e.,
the average radius of the vessels). Therefore, the average
radius ofthevesselsdidnotdifferbetweenthebenignand
the malignant lesions. This result is in accordance to
studies based on the color Doppler technique, which
did not show evidence on differences in the vessels size
in malignancy (Bozbora et al. 2002).
Conversely, malignant lesions showed a higher
number of the vascular trees (NT) and the number of
branches (NB). In addition, the density of the vascular
structure (VD) was higher than in benign lesions. These
ﬁndings suggest that malignant lesions are highly
perfused by a dense vascular bed. Such vessels also orig-
inateseveralbranches,thus,increasingtheoveralldensity
of the vasculature in the lesion. This result conﬁrms
previous ﬁndings. Fukunari et al. showed that follicular
carcinomas can be diagnosed by using color Doppler
given their high degree of internal vascularization
(Fukunari et al. 2004). Bakhshaee et al. found that dense
internal vasculature is highly correlated to malignancy
(Bakhshaee et al. 2008). Turner et al., in their review,
pointed out that many studies conﬁrmed the increased
vascularization of thyroid tumors with respect to normal
tissue and benign lesions (Turner et al. 2003).
The use of CEUS in the diagnosis of thyroid nodules
is a promising technique, even though results are still
discordant. Spiezia et al. conducted a perfusion study
basedoncolorDopplerimagingaftercontrastagentinjec-
tion (Spiezia et al. 2001). They showed that carcinomas
had a lower time-to-peak of the perfusion curve but that
the peak intensity and the washout were not statistically
different from benign nodules. Conversely, in another
study, the time-intensity CEUS curves did not prove
useful in differentiating between benign and malignant
nodules(Friedrich-Rustetal.2009).Argaliaetal.demon-
stratedthattheCEUStime-intensitycurvescanprovidean
indirect description of the intra-nodular vascularization
(Argalia et al. 2002). They observed that 89% of malig-
nant nodules (characterized by an ‘‘anarchical’’ vascular-
ization) had polyphasic wash-out curves, whereas benign
lesions showed a monophasic curve. These studies
demonstrate the diagnostic possibilities of CEUS but
also manifest the need for numerical evaluation of the
vascular pattern of the lesions.
Overall, our results are in agreement with the above-
referenced studies. We obtained a clear indication of
‘‘anarchical’’ vascularization of malignant nodules,
which we demonstrated and quantiﬁed by higher values
of the skeleton parameters.
Whilst the dimension of our sample was relatively
low, this study gave encouraging results. We are currently
workingtoenlargeoursamplepopulation(1)enhancethe
statisticalsigniﬁcanceofourresults;and(2)deriveaclas-
siﬁcation scheme based on the skeleton parameters.
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